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Abstract 
Accommodating more and more PV systems in grids has raised new challenges that formerly had not been considered 
and addressed in standards. According to recently under-discussed standards, each PV unit is allowed to participate in 
reactive power contributions to the grid to assist voltage control. There are some PV models in the literature however 
those models mostly assumed unity power factor operation for PV systems owing to the contemporary standards. 
Therefore, there is a need to develop a PV model considering the reactive power contribution and its dynamic 
influence on power system. This paper describes non-proprietary modeling of a three-phase, single stage PV system 
consisting of controller scheme design procedure and coping with the important aspects of three different reactive 
power regulation strategies and their impact assessment studies. The model is implemented in PSCAD to examine the 
behavior of the proposed model for recently codified reactive power strategies.  Furthermore, this model is integrated 
in a distribution grid with two PV systems in order to effectively investigate consequences of the different reactive 
power control strategies on the distribution network. 
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of Technoport and the 
Centre for Renewable Energy 
 
Keywords: PV system modelling; instantaneous model; reactive power control. 
1. Introduction 
The growing trend in photovoltaic system installations due to encouraging feed-in-tariffs via long-term 
incentives has led to high penetration of PV systems in distribution grids which has brought about new 
issues that initially had not been addressed. In Germany, for instance, there are currently 18 GWp 
installed PV systems [1]. According to recent drop in costs of PV systems, especially PV panel 
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technologies, which has occurred during recent years, grid-parity is not anymore unimaginable and in near 
future will come close to reality [2]. Thus, PV systems without incentives are more likely to be interesting 
in many different countries. So studying the technical aspects of integrating large amount of PV systems 
into grid will be an inevitable essential to keep the system on an even keel. 
According to the new German grid codes [3], each PV unit is allowed to participate in reactive power 
contributions to the grid to assist voltage control. The reactive power regulation, in LV grid, should fulfill 
0.9 under-exited to 0.9 over-exited by means of the following strategies; either fixed power factor or 
power factor as a function of feed-in power (PF(P)). Although depending on the size of PV system other 
methodologies such as reactive power depending the voltage (Q(V) droop) would be imposed by system 
operators. Implementation of the reactive power control is a challenge since according to standards, some 
criteria must be fulfilled but it has not been explicitly mentioned that which procedure and how. Another 
challenge associated with PV systems is that companies have their own proprietary detailed-model 
information which is hard to get that information. By doing so, there is a need to have some model that 
could capture all the fundamental characteristics of a PV system and in the meantime, being non-
proprietary in order to examine the impact of PV system on distribution grid.   
There are some PV models in the literature [4-7], however those models mostly assumed unity power 
factor operation for PV systems [4-6] or just considering reactive power support for medium voltage 
connected PV system [7].  
Therefore, there is a need to develop PV model considering the reactive power contribution and its 
dynamic influence on distribution power system. In this paper a non-proprietary PV model of a three-
phase, single stage PV system is proposed which consists of design procedure of two reactive power 
controller schemes and deals with the important aspects of three different reactive power regulation 
strategies. PSCAD/EMTDC is used as a platform to study widely the behavior of the proposed model 
along with comparing three reactive power regulation strategies. Furthermore, this model is integrated in a 
distribution system with two PV systems in order to effectively investigate consequences of the dynamic 
characteristics of the proposed model on a distribution network. Simulation results demonstrate the 
credibility of the designed model as well as the interaction of the three different PV reactive power 
regulation strategies on the bus voltages profile and on next-door PVs.  
In the following, a general perspective of a PV system will be given in section 2, dynamic equations of 
a PV system are presented in section 3, section 4 deals with controller design procedure, reactive power 
control strategies are discussed in section 5 and simulations results and conclusion are presented in 
sections 6 and 7, respectively. 
2. Structure of PV system 
Fig.1 illustrates the main schematic of a single stage PV system connected through a transformer to a 
distribution grid. PV systems consist of PV array, dc-bus capacitor, voltage source converter and 
peripheral control systems. Solar cells are connected in series to form PV modules and PV modules in 
turn are connected in series or in parallel to form PV panels. PV panels are connected in series and in 
parallel to form solar array in order to provide adequate power and voltage for being connected to grid. 
The output power of PV array feeds in capacitor link which is connected in parallel and is transformed 
through parallel connected voltage source converter to AC power. The VSC terminals are connected to the 
point of common coupling via the interface reactor which shown by L and R, where R represents the 
resistance of both reactor and VSC valves. Cf is the shunt capacitor filter that absorbs undesirable low-
frequency current harmonics generated by PV system. PV system is interfaced with grid through a 
transformer which makes an isolated ground for PV system as well as boosting the level of output voltage 
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of PV system to the grid voltage level. Distribution grid is assumed by Thevenin model where Rg and Lg 
are equivalent grid resistance and inductance, respectively. 
Employing Phase Lock Loop (PLL) helps to move from abc frame to a proper dq-frame and in the 
meantime streamlines control process by having access to dc control signals instead of sinusoidal-varying 
signals which are synchronized with grid frequency. Active and reactive powers of PV system are 
controlled via the d and q axis, respectively. Active power is controlled through regulating DC-bus 
voltage. Reactive power control will be explained later.  Control systems comprise three control loops, 
inner loop is current control, middle loop is DC-bus voltage regulator as well as reactive power control 
loop and outer loop is maximum power point tracking (MPPT). PV system always needs additional 
function to exploit maximum power of PV array which is named MPPT in literature. As can be seen in 
Fig. 1, MPPT determines DC-bus voltage reference. The error between DC-bus voltage and its 
corresponding reference voltage compensated by Fvdc(s) to provide reference active power and in turn 
creates idref. In order to augment the performance of DC-bus voltage regulator, output power of PV is 
deployed as a feed-forward to eliminate the nonlinearity and destabilizing impact of PV array output 
power [4,9].  Iq reference command, depending on reactive power control strategy is issued. Idref and Iqref 
are passed through current controllers to produce modulating signals for SPWM that in turn provides gate 
signals for VSC valves. 
3. Dynamic of PV system and distribution grid 
Dynamic of the DC-link is depicted by  
 2
1[ ] ( , , )
2 dc pv dc loss t
d CV P V G T P P
dt
               (1) 
Ppv(Vdc,G,T) is output power of PV array that is function of irradiance (G) and temperature (T); Sera [8] 
describes how to calculate solar panel parameters via datasheet in order to model PV array which is also 
employed in this paper. Ploss is VSC switching power loss and Pt is the delivered active power by VSC. Pt 
can also be described by delivered active power at PCC, 
*
3 / 2Re( )s sP V i  where x denotes phasor 
representation [9], and instantaneous active power consumed by interface reactor as follows: 
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Fig. 1. Schematic of a PV system structure connected to a distribution grid. 
 Afshin Samadi et al. /  Energy Procedia  20 ( 2012 )  98 – 107 101
Following equation describes the dynamic of AC side of VSC in space-phasor domain. 
 0t s
div L Ri v
dt
                 (3) 
Terminal voltage of VSC is a controllable variable that corresponds to PWM modulation index 
/ 2t dcv mV  where m  is the normalized, phasor modulating signal. 
Dynamic of the distribution network can be shown as follows: 
 gs g g g g
di
v L R i v
dt
                 (4) 
4. PV system control  
Projection of space-phasor variables on rotating dq-frame gives two components in d and q axes. PLL 
regulates Vsq to zero and subsequently determines the speed of rotating dq-frame which is synchronized to 
Vs [9]. By doing so, PV system output active and reactive powers are expressed as follows: 
 3 / 2 & 3/ 2s sd d s sd qP v i Q v i                 (5) 
So, Ps is proportional to id and can be regulated by that. As mentioned beforehand, active power is 
controlled to regulate dc-bus voltage in such a way that could extract maximum power from PV arrays 
with the help of MPPT. Analogous with Ps, Qs is also proportional to iq and therefore can be controlled 
through it which will be explained later on.  
4.1. Current control loop 
According to (3), the dynamics of VSC AC-side in dq-frame are expressed as follows: 
0
0
d
td q d sd
q
tq d q sq
di
v L i L Ri v
dt
di
v L i L Ri v
dt
              (6) 
These equations are deployed to design current controllers and as can be seen, those are nonlinear, 
cross-coupled equations. Therefore, following equations are employed to decouple and linearize them:  
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Fig. 2. (a) Schematic of current control block diagram; (b) Block diagram of DC-bus voltage control loop 
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Where Ud and Uq are new control inputs. By substituting (7) in (6), the corresponding control scheme 
can be represented in Fig. 2(a). The plant transfer function of current loop is ( ) 1/ ( )pG s R Ls . Since the 
resultant dynamics of d and q axis are identical, compensators could also be identical. Direct synthesis 
method can be employed to shape current closed-loop transfer function as a first order system 
like ( ) / ( )cc c cG s s . To achieve it, the controller should be as follows: 
1( ) ( )c cc p c
R
F s G s L
s s
               (8) 
Fc(s) resembles a proportional-integral controller. c  is the current closed-loop band-width  which on 
one hand should be large to give fast current control response and on the other hand should be small 
enough to become considerably smaller than switching frequency(in rad/s) for instance 10 times. c  
relation with the rise time (trc) is ln9c rct . 
4.2. DC-Bus voltage regulator 
The instantaneous active power of interface reactor and VSC switching loss, which are relatively much 
smaller than PV arrays output power and delivered power at PCC (Ps), can be ignored. Therefore, based 
on (1) and substituting (2) and (5) in it, the dynamic of DC-bus voltage in dq-frame would be as follows: 
21 3 3[ ] ( , , ) ( , , )
2 2 2dc pv s sd d pv s sd dref
d CV P P G T v i P P G T v i
dt
            (9) 
Fig. 2(b) illustrates DC-bus voltage regulator model which the feed-forward helps to eliminate the 
effect of the Ppv on the dynamic of DC-bus [4,9]. FVdc consists of an integrator and a lead compensator. 
4.3. MPPT function 
Actually MPPT is the third control loop or in other words the outer control loop of the PV system 
which has a memory to provide DC-bus voltage reference by measuring the output voltage and current of 
PV arrays and comparing them with previous states through a processing algorithm. Here in this paper, 
incremental conductance [10] algorithm is employed.  
4.4. Reactive power controller 
Reactive power control can be done either by regulating reactive power at the reference value or 
controlling the voltage at the connection point, although it must be considered that the reactive power 
contribution of PV system is limited according to the current standards and moreover the set-point is 
dependent on the voltage magnitude at the connection point. Nevertheless, in this section mainly 
controller design procedure will be discussed. According to (5) reactive power can be regulated via iq by 
doing so, one simple way is to calculate required reference reactive power and then translating it into 
reference current in q axis through a straightforward calculation. Although the reactive power seen by grid 
is not equal to the generated reactive power by VSC due to presence of the reactor, filter capacitor and the 
leakage inductance of the transformer. Therefore, in order to augment the performance of reactive power 
regulation, reactive power can be controlled through an extra control loop (Fig. 3(a)). The difference 
between measured reactive power and reference reactive power passes through a controller to provide iqref. 
Similar to Fc(s) design procedure, direct synthesis method is employed to derive reactive power controller 
in such a fashion that leads to first order closed-loop transfer function.  
1 2 22 1( ) ( )
3 3 3
q q q
q cc
sd c sd sd
F s G s
V s V V s
           (10) 
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q is the closed-loop bandwidth of reactive power controller and must be much smaller than c . So 
through this scheme the contribution of other passive elements such as reactor and filter capacitor as well 
as the PV connecting transformer are considered as disturbances and therefore the desired reactive power 
can be achieved more precisely.   
Another approach to control reactive power is through controlling the AC bus voltage. In this approach 
the difference between the AC-bus voltage and reference value passes through a controller to attain iqref. A 
few assumptions are taken into account in order to design AC voltage controller. All the transient 
excursions in the frequency angle of PLL output are neglected even though vs is not anymore a stiff grid. 
Moreover, it can also be expected that vsq=0, therefore, only the dynamic of vsd is required. By doing so 
the linearized dq-frame form of (6) can be shown as follows [9]: 
0
gd
sd g g gd g gq
di
V L R i L i
dt
             (11) 
Where ~ stands for linearized variables and
fgdq dq Ldq C dq
i i i i . Fig. 3(b) depicts the block diagram of 
AC voltage regulator for a PV system. So, due to the prior assumptions, the dynamic of distribution grid is 
purely seen as a gain equal to Lg 0. Closed-loop transfer function of AC-bus voltage regulator can be 
shaped to a first order function such as / ( )v v s where v is the closed loop band-width and must be 
much smaller than c. According to Fig. 3(b) and similar to Fc, Fvac can be shaped as following, although 
the proportional and integral gain probably may be retuned to get maximum phase margin on the grounds 
that the grid inductance is subjected to change; moreover, due to the assumptions.  
1
0 0 0
1 1( ) ( ) ( )v v vvac cc
g c g g
F s G s
L s L L s
           (12) 
Since the reactive power contribution of the system is limited then it is more likely that the controller 
hits the limits and integrators saturates, so anti wind-up, which is shown in Fig. 3(b), should be employed 
to prevent the saturation and its negative effect on the controller performance.  
Since Vs and Vg are electrically close to each other and the difference is only voltage drop across 
transformer leakage reactance, then it would also be possible to regulate magnitude of Vg in Fig. 3(b). 
5. Reactive power control strategies  
Regarding reactive power contribution, a PV system could carry out this task through one of the 
following approaches. 
5.1. Constant power factor operation 
PV system could have no reactive power contribution by unity power factor operation and the whole 
capacity of the PV system inverter is assigned to deliver generated active power by solar cells to AC 
network. This approach had been implemented for all-currently installed PV systems, although reactive 
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Fig. 3. (a) Block diagram of reactive power control loop; (b) Block diagram of AC bus voltage regulator 
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power support has been considered by recently re-codified standards to work under non-unity power 
factor. In the constant power factor, PV system regardless of the AC bus voltage feeds reactive power into 
network. Reactive power contribution affects the sizing of PV inverter; for instance in order to 
accommodates reactive power to achieve PF=0.9 without any active power limitation, the inverter must be 
oversized by 11%. 
5.2. Dynamic power factor operation, PF(P) 
This method was proposed by German grid codes [3]. Fig. 4(a) could depict this approach more 
clearly. As can be seen, depending on the level of generated active power, the value of PF as well as the 
type of generated reactive power varies. This method also works regardless of the voltage profile of the 
line, however in contrast to previous approach reduces the unnecessary reactive power provision. To 
implement this scheme in the simulation, the active power is measured and normalized to the nominal 
power of the PV to get PF as well as command reactive power according to Fig. 4(a). In this paper the PF 
at the end of the PV connecting transformer is of a concern to be controlled.  
5.3. Q(V) 
This approach is a droop-based control strategy and Fig. 4(b) depicts a linear droop curve where the 
value of the dead band (D) depends on the network impedance [11]. In this method as far as the voltage is 
within the dead band region, unnecessary reactive power contribution is prevented.  
5.4. AC-bus voltage regulation  
The technical aspects of this approach were explained in section 4.4. The performance of this approach 
depends on the set points to the extent that neighborhood PVs might interact against each other. This issue 
would be shown in the following section.  
6. Simulation results 
In this part, based on the configuration of Fig. 4(c), two 10 kW PV systems are connected to a quite 
weak distribution grid to study the impact of the controllers and reactive power strategies. It is assumed 
that the distribution grid works on a light load condition, so the load value is 0.6 kW+j0.3 kVar. Both PV 
systems are identical and are structured according to Fig.1 in PSCAD/EMTDC. Since the PV connecting 
transformer also contributes to the reactive power, output node of the PV connecting transformer is 
considered for reactive power regulation.  
An identical simulation scenario is carried out in order to make a fair and comprehensive comparison 
between different strategies. Fig. 5(a) depicts irradiance variation during simulation which varies stepwise 
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Fig. 4. (a) Dynamic power factor characteristic, PF(P); (b) Droop control strategy, Q(V); (c) Schematic of the studied network 
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to simplify investigations. PV systems at t=0.6 sec is connected to grid while irradiance is 1000 W/m2, 
grid voltage is set to a value to get nominal voltage (0.22 kV) at bus 1 and reactive power regulator is 
inactivated. Once the PV systems stabilize at MPP by the assistance of the MPPT, at t=2.2 sec the 
reactive power regulator is activated to study its role on the voltage profile. At t=3 and 4 sec irradiance 
level is changed to 250 W/m2 and again 1000 W/m2 to explore the behavior of the PV system controllers 
at low and high power production. Furthermore, in order to investigate the performance of the three 
different reactive power control strategies the grid voltage is also changed. By doing so, two voltage 
incidents take place at t=5 and 9 sec that the grid voltage is boosted by 8% and then lowered by 16% 
approximately. Moreover, irradiance level also is varied within each voltage step change. Dead-band (D) 
in Q(V) strategy, Fig. 4(b), is assumed to be 0.03. The set-point of AC voltage regulation strategy is 
adjusted to the value of the bus voltages prior to PVs connection.  
Since the voltage variations corresponding to irradiance step changes at bus 1 and 2 (Fig. 4(c)) are 
relatively small compared to the grid voltage step changes, different time frames are employed to illustrate 
the bus voltages through Figs. 5(b), 6(a) and 6(b). Reactive powers at the PVs connection points are 
depicted at Fig. 7(a).  As can be seen in Fig. 7(a), once the reactive power regulator is activated the bus 
voltages vary and reactive strategies behave as the following: 
 PF(P) strategy consumes reactive power and lowers the voltage, Fig. 7(b) illustrates power factor at 
the connection point of the PV for the PF(P) strategy. Within t=9 to 10 sec while the grid voltage is at 
the lowest point and irradiance at the highest level, this approach pushes the bus voltages even more 
down in contrast to other methods due to unnecessary inductive reactive power consumption. 
 The small step change at the bus voltages after activating Q(V) strategy is due to the presence of the 
filter and the transformer. The iq command of the PV controller is set to zero before t=2.2 sec. 
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Therefore the reactive power of the transformer and the filter affects the bus voltage, while after 
activating reactive power regulator, VSC works in a way to regulate reactive power to the command 
reactive power which should be zero as far as the voltage at the connection point is within the dead-
band.  In contrast to PF(P), within t=0 to 5 sec interval, Q(V) strategy has no reactive power 
contribution because of operation within the dead-band region. Thus the bus voltages during this 
interval are effectively affected by PV active power variations. However, at higher or lower bus 
voltages Q(V) provides reactive power and in contrast to PF(P) the amount of generated reactive 
power depends on the voltage level. 
 AC-bus voltage regulator strategy tries to consume reactive power as much as within the limits to 
return the voltage to its initial level prior to PV connection (case I). As can be seen in Fig. 5(b), this 
approach can only fulfill the set-points when the PVs are working at one fourth of the full power 
(G=250 W/m2). Although changing the set-points would effectively influence the performance of the 
controller. For instance, in another case (case II), the set-point of PV 2 at bus 2 is increased by less 
than 0.7% and the results are in Fig. 8(a) and 8(b) which for the clarity only the time-interval before 
t=5 sec is demonstrated in Fig. 8(a), on the grounds that the rest has the same performance. As can be 
seen at low irradiance level (G=250 W/m2), AC-voltage regulators are interacting against each other to 
the extent that PV 1 and PV 2 are operating in inductive and capacitive modes, respectively, and none 
of them can fulfill the desired set-points in contrast to case I.  However in case II, at high irradiance, 
PV 2 can reach the desired set point in contrast to case I. Therefore, it is obvious that the lack of 
coordination between reactive power regulators leads to negative interaction among installed PV 
systems and their performance is affected.  
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7. Conclusion 
In this paper a comprehensive model of a PV system was presented. Design procedure of PV model 
controllers including parameters tuning also were presented. Furthermore, two different reactive power 
controllers were developed for PV model. The model was developed in PSCAD software and integrated in 
a distribution grid with two PV systems. Simulation results shows the model works as expected. Three 
different reactive power regulation strategies were studied and the dynamic impact of them on the system 
and voltage profile was shown. It was also demonstrated that -point 
in AC-bus voltage regulator strategy brings about negative interaction among installed PV systems in the 
same vicinity. 
References 
[1] J. C. Boemer Overview of German Grid Issues and Retrofit of Photovoltaic Power Plants in Germany for the 
Prevention of Frequency Stability Problems in Abnormal System Conditions of the ENTSO-E Region Continental Europe,
international workshop on integration of solar power into power systems, Denmark, October 2011. 
[2] R. Brundlinger, C. Mayer, and H. Fechner, IEA-PVPS Task 14  High Penetration of PV Systems in Electricity Grids Work-
Plan 2010-2014. 
[3] Verband der Elektrotechnik Elektronik Informationstechnike.V. (VDN) (2010). Erzeugungsanlagen am 
Niederspannungsnetz Technische Mindestanforderungen für Anschluss und Parallelbetrieb von Erzeugungsanlagen am 
Niederspannungsnetz  Draft of 07-08-2010. Berlin  
[4] for a photovoltaic (PV) system interfaced 
IEEE Trans. Power Del., vol. 24, no. 3, pp. 1538 1555, Jul. 2009. 
[5] Kim, S.K., J.H. Jeon, C.H. Cho, E.S. Kim and J.B. Ahn, 2009. Modeling and simulation of a grid-connected PV generation 
system for electromagnetic transient analysis,  Solar Energy, 83: 664-678. DOI: 10.1016/j.solener.2008.10.020 
[6] Y. T. Tan, D. S. Kirschen, and N. Jen IEEE Trans. Energy 
Convers., vol. 19, no. 4, pp. 748 755, Dec. 2004. 
[7] -Phase Single-Stage 
1264, April. 2011. 
[8] Sera, 
Industrial Electronics ISIE 07, June 4-7, 2007, pp.2392-2396. 
[9] A. Yazdani and R. Iravani, "Voltage-Sourced Converters in Power Systems" IEEE/John-Wiley, Feb. 2010. 
[10] Maximum photovoltaic power tracking: An algorithm for rapidly 
changing atmospheric Proc. Inst. Elect. Eng. Gen., Transm. Distrib., vol. 142, no. 1, pp. 59 64, Jan. 1995. 
[11] Kerber G, Witzmann R: "Voltage Limitation by Autonomous Reactive Power Control of Grid Connected Photovoltaic 
Inverters". 2009 IEEE, CPE2009, 6th. International Conference Workshop, p. 129-133, 20  22 May 2009, Badajoz, Spain. 
Appendix A. PV specifications 
PV panel: Imp=3.56A, Vmp=33.7 V, Isc=3.87 A, Voc=42.1 A, ns=14, np=6. 
PV electrical circuit parameters: DC link capacitor: C=10mF; LC filter: L =4mH, R =  (including 
switches on state resistance) and C= F; PV connecting transformer: ratio 0.18/0.38 kV, rating 15kVA, 
leakage inductance 5%. 
PV control circuit parameters: c =2000 Hz, 1 = 0.02323, 2 = 0.001076, k=1.3e4, q =100 Hz, V =100 
Hz. 
